Introduction
Visceral and parietal pleurae are thin sheets of cells that respectively cover the lung lobe and line the interior thoracic wall and diaphragm. Together they compose the pleural cavity. The visceral and parietal pleurae form a mechanical coupling and move together with the thoracic wall to change the negative intrapleural pressure for normal respiration. Pneumothorax happens when the lungs lose negative intrapleural pressure.
Presumed sensory nerve endings have been identified in the subpleural connective tissues of the lungs in various animals: mouse, rabbit, cat, dog, lamb, pig, human, and other species like bats, Formosan Macaque, hedgehogs, Guinea-pigs, and Flying squirrels (7, 12-16, 18, 22, 30) . The visceral pleura of the lung that receives sensory innervation includes the peri-hilar, mediastinal, interlobar, diaphragmatic, and costal areas (7, 12-14, 22, 30) .
In the rats, we recently identified the hilar and non-hilar vagal pulmonary pleural innervation pathways and two kinds of vagal nerve endings: "P" type ("P" for pleura) in the visceral pleura and "L" type ("L" for ligament) in the triangular ligaments (35) . In general, most of the areas facing the dorsal thoracic cavity have no vagal innervation, whereas the interlobar areas and those areas facing the heart receive bilateral or unilateral vagal innervation with a left-vagus-rostrallung vs. right-vagus-caudal-lung lateralized innervation pattern (Fig 1) . Furthermore, right vagus dominantly innervates both triangular ligaments (35) . Methodologically, these vagal nerve pathways and endings require intracranial deafferent and/or deefferent rhizotomy to determine their sensory and/or motor characteristics (31) (32) (33) . If they are the sensory nerve endings, the adequate stimuli and receptive fields of these nerve endings need to be defined for their functional examinations. Here we review the tracing history of the vagal pulmonary pleural nerve endings and discuss some experimental considerations and meanings for the bilateral and unilateral vagal innervation pattern.
Vagal Pulmonary Pleural Innervation: History
From Mystery "Air" to Neural-Regulated "Respiration"
The word "Air" in Chinese is "Chi". Ancient people lived in India and China have developed theories for the mystery of the "Air" and applied them to activities that are related to the respiration, such as Yoga, meditation, Chi Kung or Qigong, and Tai-Chi. Based on the principle of "Chi" as the "energy" of the life or vitality, Chinese developed the Traditional Chinese Medicine. Now, it is well known that the sub-atmospheric, or negative, pressure between the parietal and visceral pleurae is the essential force that keeps the lungs partially expanded between breaths (1, 25) . Due to the elastic recoil, the lungs tend to collapse and the thoracic wall tends to expand. These opposite moving forces create the negative intra-pleural pressure that keeps the lungs open and the chest wall contracted. Furthermore, surfactant, a mixture of phospholipids and lipoproteins secreted by the Type II alveolar cells, also contributes to the respiration by lowering the surface tension of alveolar fluid to increase lung compliance and reduce the tendency of alveoli to collapse thus makes it easier to expand the lungs (5, 27) .
The left and right triangular ligaments respectively connect the inferior and left lobes to the diaphragm (3). The mechanical and neural control mechanisms for the respiration have been well established and illustrated in any textbook chapters on "respiration". However, the interpretation of all of these mechanisms has been referred only to the sensory receptors located within the tissues in the extrapulmonary and intrapulmonary airways (19) but not outside the lung lobes, i.e. the visceral pleura.
Vagal Innervation in the Extrapulmonary and Intrapulmonary Airways
Vagal somatic and visceral sensory neurons are respectively located in the jugular (superior) and nodose (inferior) ganglia with different sizes of fibers and different corresponding functions (2, 6, 11, 19, 26, 38) . Furthermore, the nucleus of solitary tract and paratrigeminal nucleus respectively receives the centripetal The stars in the ventral (A) and dorsal (B) views of the lung lobes indicate the relative density of the left and/or right vagal innervation for that area. The white stars for L3 and R2 in the left lobe, L4 in the accessory lobe (A), and X4 in the middle lobe (B) indicate the hidden regions for these four areas. The labels started with B are for bilateral vagal innervation, L for left, R for right, and X and x for unknown vagal innervation. B1: ventral superior lobe that faces the heart; B2: dorsal-rostral superior lobe; B3: middle lobe that faces the heart; B4: accessory lobe that faces the heart; B5: dorsal-caudal left lobe in ligamentnearby area; L1: ventral-rostral left lobe that faces the heart; L2: dorsal-rostral left lobe; L3: ventral-middle left lobe in mediastinal area; L4 (white stars): two hidden locations of the dorsal accessory lobe that face the left lobe; LRx: ventral-rostral inferior lobe that faces the heart, left vagus, right vagus undecided; R1: ventral-caudal inferior lobe in ligament-nearby area; R2: ventral-caudal left lobe in ligament-nearby area; R3: dorsal-caudal inferior lobe in ligament-nearby area; R4: left lobe in dorsal-middle-mediastinal area; X1: middle lobe that faces the inferior lobe; X2: inferior lobe that faces the middle lobe in mediastinal area; X3: accessory lobe that faces the diaphragm; X4: middle lobe that faces the superior lobe. Scar bars: 2 mm.
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termination of the vagal neurons located in the nodose and jugular ganglia (20, 21) . As summarized by Mazzone and Undem (19) , sensory neurons in the jugular ganglia have C-fibers for nociceptors and chemosensors and Aδ-fibers for Aδ-nociceptors; whereas those in the nodose ganglia have C-fibers for nociceptors and chemosensors, Aδ-fibers for cough receptors, and Aβ-fibers for rapidly adapting receptors and slowly adapting pulmonary stretch receptors. However, the distribution and functional attribution of these receptors might have been misinterpreted since only those receptors located within but not outside the extrapulmonary and intrapulmonary airways were examined for their functions.
Pulmonary Innervation before Larsell
Physiologically, Breuer (4) illustrated that the vagus nerve mediates the Hering-Breuer reflexes to maintain the normal respiration cycles by terminating the inspiration or expiration when the lungs are overly inflated or deflated. To search the central distribution of the pulmonary vagal innervation in the cats, Möllgaard (23) examined the presence or absence of degenerative change in the cells of the cervical ganglia, nodose ganglia, the dorsal motor nucleus of vagus, and the cervical vagal trunks after whole or partial extirpation of the lung lobe. As cited by Gaylor (10), Möllgaard had five conclusions: [1] the dorsal motor nucleus of vagus does not send axons to the lung; [2] nodose ganglia contain cells to carry the afferent impulses from the lung; [3] nodose ganglia contain multipolar cells to give postganglionic fibers to the intrinsic bronchial musculature; [4] though somewhat uncertain, spinal efferents run to the stellate ganglia; [5] centripetal fibers run to the second and third thoracic spinal ganglia which may mediate certain pulmonary reflexes. Though influential, it is obvious that Möllgaard's vagal tracing results have two mistakes: the vagi do send preganglionic fibers into the lung and it should be the superior cervical ganglia but not the nodose ganglia that have multipolar motor neurons innervating the bronchial musculature. Due to complicated innervation from the vagal and spinal nerves, vagal innervation in the visceral pleura of the lung lobes has received very limited exploration. As cited by Gaylor (10) , Remak identified the nerves and ganglia in the lungs in 1844 and Dogiel in 1903 made the first extensive attempt to investigate the morphology of the pleural innervation in the parietal pleura. Dogiel described that the parietal but not the visceral pleura is richly innervated with Paccini corpuscles and free nerve endings under the endothelium.
Vagal Pulmonary Pleural Innervation: from Uncertain to False Negative
In 1921, Larsell and Mason (14) initiated the first examination of the vagal innervation in the lung. With left vagotomy performed in four rabbits, they found that enormous nerve fibers and endings within the lung had disappeared and thus confirmed that they are vagal elements. However, they also found that sparse innervation of the visceral pleura in the peri-hilar and mediastinal lung areas did not disappear after left cervical vagotomy. They concluded that the vagal innervation is probably much from the vagus of the opposite side even though they recognized that Möllgaard had shown the lung also receives sensory innervation from the second and third thoracic spinal ganglia (14) .
Later in a two-paragraph physiological report using dogs as the subject, Larsell and Coffey (17) discarded the vagal and favored the spinal origin. After bilateral vagotomy and blocking the right intercostal nerves, Larsell and Coffey recorded that when the balloon was inserted between the middle and inferior lobes the respiration rate was increased from 12 to 15 per minute. However, when the balloon was inserted between the lung lobe and the chest wall or diaphragm, they found no changes in the rate and depth of inspiration. They claimed that this physiological response corresponds to the fact that [1] the histological observations show the nerve terminations are present in the interlobal but not the lateral or diaphragmatic surfaces and [2] they remain after vagotomy. Thus, they concluded that their report confirms the role of the thoracicolumbar autonomic system in the neural mechanism of respiration (17) . Actually, their conclusion was based on an incomplete knowledge on the vagal innervation. Furthermore, the adequate stimuli and their receptive fields for this wide vagal innervation in the visceral pleura and triangular ligaments were unknown then and are still yet to be established (35) .
Later, McLaughlin (22) suggested that the visceral pleura is richly innervated. However, Gaylor (10) favored the parietal pleura to mediate the chest pain sensation. His argument was based on the fact that the visceral pleura is much poorly innervated than the parietal pleura, which is much more in agreement with the facts of experimental physiology.
Vagal Pulmonary Pleural Innervation for Hering-Breuer Inflation Reflex?
In 1949, Weidmann et al. (37) painted 2% procaine solution on the lung of the rabbit. They found the receptors that lie in the pleura were inhibited while intravenous injections of procaine were ineffective (cited by Widdicombe, 40) . Thus, Weidmann et al. (37) suggested that vagal nerve endings located in the visceral pleura were the best candidates for the Hering-Breuer inflation reflex. However, Widdicombe (40) argued that vagal receptors in the intrapulmonary bronchi, but not on the visceral pleura, received solid histological (8, 14, 15 ) and phy-siological support (39) in mediating the breathing reflexes. Since the vagi widely innervate the pulmonary visceral pleura (35) , it is needed to "re-search" the adequate stimuli and receptive field of the vagal pleural innervation in the Hering-Breuer reflexes.
Honjin's Challenge: Vagal or Spinal Origin?
To challenge the spinal origin of the pleural innervation, Honjin (12) demonstrated in mice that sensory nerve supply of the pulmonary pleura is limited only to the vicinity of the hilum, specifically at the mediastinal and interlobar pleura. With degeneration tracing in mice after cervical vagotomy and excision of the second and third thoracic spinal ganglia, Honjin (13) determined that the lungs are bilaterally innervated by cells from the nodose ganglia, neurons in the vagal trunk and hilus ganglia. Furthermore, the intrapulmonary nerve fibers show no degeneration after excision of the second and third thoracic spinal ganglia.
Actually, Honjin (13) only demonstrated that the right vagus innervates the subpleural tissues of the superior lobe limited to the peri-hilar and mediastinal areas with ipsilateral but not contralateral innervation. For the left vagal innervation, he only observed the degeneration of the peribrachial nerve bundle in the lung lobes and the afferent endings in the bronchial muscle band. For the left vagus, he did not find any pleural innervation. He briefly stated that "the left vagus exhibits a close resemblance to that of the right" and "the relation between the right and left sides is inverted." However, the left and right sides of the lung lobes are not a mirror reflection to each other. Furthermore, what Honjin identified in the four right lobes were only "A small number of the degenerated fibers", but not the nerve endings (13) . Since Honjin's degeneration experiment did not successfully identify the wide vagal innervations in the visceral pleura, his negative conclusion for the spinal origin might need further verification.
"Visceral Pleura Receptors": Vagal or Non-Vagal Origin?
In the rat, Pintelon et al. (28) identified "visceral pleura receptors" (VPRs) that invariably protrude between abundant elastic fibers in the visceral pleura. The "nonvagal" origin of VPRs was based on two observations after left or right unilateral infranodosal vagotomy. First, unilateral vagotomy resulted in no notable differences between vagotomy and control animals in the number, distribution, or morphology of these nerve endings in the visceral pleura ipsilateral to the vagotomy side. Moreover, the visceral pleura contralateral to the vagotomy side showed no changes in the presence of VPRs.
The argument for the non-vagal conclusion was based mainly on Larsell's earlier assumption that the nerve endings in the visceral pleura may derive mainly from the upper thoracic dorsal root ganglia and reach the lungs via the sympathetic trunks (15, 17) . Actually, this assumption was based on Möllgaard's (23) tracing results that contain misleading conclusions as discussed above. On the other hand, early tracing results in humans (30) and mice (12) concluded that all the pleural nerve endings are located in the subpleural alveolar structures but not the visceral pleura itself. Furthermore, Honjin's (13) rejection to the spinal origin was not referred to by Pintelon et al. (28) . Actually, the morphology and distribution of these visceral pleura receptors are similar to those of the vagus (35) . The origin of the non-vagal receptors needs further examination.
Vagal Pulmonary Pleural Innervation: Methodological Considerations
It is difficult to determine the vagal vs. spinal origin of the pulmonary innervation for the intermingling, relatively few, and crossing innervation of the lung by the vagi and scattered distributed neurons in the nodose ganglion, vagal trunk, and the hilus ganglia (13, 15) . Dwinnell (7) well labeled the nerve endings in the visceral pleura of the dogs, lambs, monkeys, and rabbits, and suggested that intracranial cuts to the dorsal or ventral rootlets and cervical vagotomies are the keys to resolve the nature of the central pathways of these neural endings.
Adequate Tissue Preparation for Complete Tracing
Indeed, later progress of the selective tracing techniques has offered good solutions to this vagal vs. spinal innervation issue. With the WGA-HRP tracing method and modified perfusion procedure, we have been able to label the delicate vagal innervation in the thoracic and abdominal viscera (33) (34) (35) (36) . The reduced concentration of paraformaldehyde and glutaraldehyde, i.e. a soft fixation, leaves the WGA-HRP in a more intact condition for a strong and sensitive staining reaction. Moreover, the fat and membrane tissues that cover the nerve components can be removed with the aid of stereo microscope during the staining reaction and this allows better penetration for better staining.
Adequate Vagotomy to Reach True Positive
Although intracranial rhizotomies and cervical vagotomies are the keys to resolve the vagal vs. spinal innervation issue (7), we still need to use them appropriately to avoid a false negative or false positive (9) . Actually, the use of "vagotomy" had been the main experimental control in denying the vagal pleural innervation (15, 17) . It is only when accompanied an adequate vagotomy with the en block tissue preparation, can we overcome the complicated vagal pathways to obtain the correct innervation in the duodenum (36) and visceral peleura of the lung (35) .
The Final Verification: Intracranial Vagal Rhizotomy and Selective Tracing Methods
Honjin (13) demonstrated that the vagus innervates the pulmonary visceral pleura only in the peri-hilar and mediastinal areas with an ipsilateral innervation pattern. Actually, both vagi do widely innervate the lung surfaces and some areas do receive bilateral innervation (35) . With this complicated innervation, neither the intracranial rhizotomies nor the cervical vagotomies alone can easily determine the vagal afferent or efferent nature. Indeed, the bilateral and wide innervation could account for the false negative identification of the vagal innervation in the visceral pleura in the earlier reports that left the survived vagal elements to be recognized as non-vagal origins after incomplete vagotomy (18, 28) .
Intracranial rhizotomy on one side combined with cervical vagotomy on the other side is the golden way to determine the motor/sensory characteristics of the vagus. As reported by Larsell and Mason (18), rightsided and bilateral mid-cervical vagotomy in rabbits all resulted in death. All six subjects that received right vagotomy died within seven days due to the operation and the two subjects that received bilateral vagotomy died within 48 h from respiratory difficulties due to closure of the glottis. Only four subjects that received left vagotomy survived twenty-eight days for the final analysis. Obviously, the rhizotomy plus vagotomy should be too dramatic for the subject to survive long enough for neural tracing and intensive health care would be needed.
Vagal Pulmonary Pleural Innervation:
Functional Meanings? Larsell and Coffey (17) suggested the nerve endings in the visceral pleura as "stretch-receptor". Dwinnell (7) and McLaughlin (22) proposed the visceral pleural innervation is of sensory function by its morphology. Based on chemical coding, Pintelon et al. (28) further proposed these nerve endings to have the mechanosensory/chemosensory role. We obtained three patterns of vagal innervation to the visceral pleura of the lungs: bilateral, lateralized, and dominant ( Fig. 1) (35) . Interestingly, all of the visceral pleura of the lung lobes that face the heart have vagal fibers and nerve endings. For the special location and distribution, the newly documented vagal innervation in the visceral pleura and triangular ligaments may function to monitor the negative pressure of the intra-pleural cavity and offer coordinated regulation for the pulmonary and cardiovascular systems.
Role for Negative Intrapleural Pressure and Surfactant Secretion: Through Axon Reflex?
The neural control mechanism that monitors and maintains the negative pressure within the pleural cavity has not been documented. The visceral pleura has three layers: a superficial endopleura, an external elastic lamina, and a vascular (interstitial) layer. Based on their appearance and location, Spencer and Leof (30) proposed that the nerve endings in the connective tissue of the pleura "probably register degrees of expansion and collapse of the peripheral portion of the lung". The vagal nerve endings in the pleura are on the site to be readily and strongly pulled or stretched by the coupling movements of the parietal and visceral pleurae to indirectly and functionally monitor and signal the change of the negative pressure of the pleural cavity for the regulation of respiration.
It is unknown for the neural regulation of the surfactant secreted by the Type II alveolar cells. A negative or positive feedback system on the nerve fibers itself may be enough to account for the hormonal releasing regulation. In the visceral pleura, the "P" type vagal nerve endings with the "line" shape contain varicosities on their way to render the terminations (35) . Since no motor nerve endings have ever been identified in the visceral pleura, these varicosities may work through axon reflex to regulate the function of the lung by releasing neurochemical substance into the pleural cavity. Presumably, the presence of the vagal innervation in the visceral pleura might offer a good candidate at least from the sensory limb to regulate the maintenance of the negative pressure, the lubrication of the parietal and visceral pleural sheets, and the overall secretion of the surfactant.
Parsimonious Way in Interpreting the Hering-Breuer Reflexes
The P and L type nerve endings might offer an overall easier way in detecting the Hering-Breuer inflation and deflation reflexes. These vagal nerve endings are located in the wide visceral pleura (i.e. P type) and triangular ligaments (i.e. L type) that are related to the respiratory and cardiovascular systems. Compared to the receptors located within the airways and lung lobes, these P type and L type nerve endings are in the positions that appear to be more suitable and economical in monitoring the movements of the pleura of the lung lobes.
Vagal Somatic Component for Pain Sensation?
The superior (jugular) and inferior (nodose) ganglia are fused together with a rostral-superior vs. caudal-inferior positions (24) . The neural tracer injection cannot differentiate the labeling of the vagal or jugular innervation in the lung lobes. Since the jugular ganglion contains the somatic sensory neurons, the P type nerve endings might also include the somatic component. Thus, as proposed by Pintelon et al. (28) , the P type nerve endings might mediate the pain sensation in the pneumothorax cases when the negative pressure of the pleural cavity was abolished.
Coordinated Movements of Lung, Heart and Diaphragm?
The respiratory and cardiovascular systems work together for the regulation of oxygen and carbon dioxide. Although the mechanical impact generated by the heart beat can be easily transmitted to the lung parenchyma and inner structures of the lung, it is remarkable that the surface areas facing the heart are all innervated by the vagus whereas most of the lung areas that face the dorsal thoracic cavity are not.
It is interesting to find that the vagi present a left-vagus-rostral-lung vs. right-vagus-caudal-lung innervation pattern in the visceral pleura of the lung lobes ( Fig. 1) (35) . Furthermore, both the left and right triangular ligaments that connect both sides of the lung lobes to the diaphragm are "dominantly" innervated by the right vagus. With vagotomy, Song et al. (29) has shown that the respiratory regulation in the rats has a lateralized right-side dominant pattern, which is in agreement with the left-rostral vs. right-ventral lateralized vagal innervation (35) .
The left-vagus-rostral-lung vs. right-vagus-caudallung innervation pattern as well as the particular vagal innervation in the left and right triangular ligaments may offer the structural basis for the neural regulation mechanism to coordinate the movements of the lung lobes, the heart, and the diaphragm. This lateralized vagal innervation pattern might be related to the practice of breathing control especially for training the abdominal respiration. In the chest respiration, the external intercostal muscles do the main job to pull the ribs up and out, which matches the dominant innervation of the left vagus to the rostral lung lobes. On the other hand, in the diaphragmatic respiration, only the diaphragm is trained to contract, which matches the dominant innervation of the right vagus to the caudal lung lobes and the right and left triangular ligaments that are connected to the diaphragm.
